Abstract In this work, we demonstrate a possibility to use La-Ga-S-O-Gd glass polymer nanocomposites as effective materials for photo-induced birefringence. Here we chose PVA as a photopolymer matrix. The photo-induced effects were studied using 8 ns Nd: YAG laser generating bicolor coherent light beams with wavelengths 1064, and 532 nm. The detection of the photo-induced birefringence was carried out using cw He-Ne laser at 1150 nm. The optimal concentration of the nanoglass favoring maximal changes of refractive indices is established. The photo-induced laser power density was changed up to 0.9 GW/cm 2 . The photo-induced beams were incident at angles varying within the 32°and 52°with respect to the nanocomposite planes. The polarizations of the beams did not play principal role. We discovered an appearance of maximal birefringence equal to about 0.078.
Introduction
The search of new materials for optical recording of information is very crucial for the development of electronic memory devices [1, 2] . For this purpose, chalcogenide materials are promising one [3] . These materials can be synthesized and used in different forms: glasses, ceramics, crystals, and nanocrystals etc. [4] . However, the main restraining factor here is the manufacturing of materials which are able to cause the maximal changes of optical constants at lower laser powers. Additionally these materials should possess minimal irreversible changes and relatively low relaxations times [5] . In the present work, we explore La-Ga-sulfide-oxide (LGSO) nanoglasses with Dy 3? ions as impurities for their use as laser operated triggers [6] . Particular interest presents a possibility to operate by their refractive indices to produce phase holograms. This is of particular importance for reception of the 3D images. They also may be useful as laser modulators operated by external light and as matrices for nanophosphors with rare earths [7, 8] . The variations of refractive indices during the photo-induced treatment were monitored by Senarmont method at wavelength of cw He-Ne laser operating at 1150 nm similarly to described in the Ref. [9] . Synthesis of the titled glasses is described in detail in Ref. [10] . The external light coherent treatment may be very promising for fabrication of laser induced materials possessing mili-and microsecond time resolution. The incorporation of the nanoglasses into polymer matrices opens a new possibility for production of the laser operated opto-electronic devices.
We performed separate studies in order to optimize the diameters of the photo-induced beams equal to about 2.5 mm. The overlap between the tilted beams should not be more than 80 %. The incident beams were focused between the angles 20°and 30°. The photo-induced birefringence was detected by traditional birefringence method for different ratio of the photo-induced beam intensities. The latter was temporarily synchronized with probing HeNe laser beams.
We explored dependence of the photo-induced birefringence versus glass nanoparticle sizes and studied time relaxation after switching off bicolor photo-induced treatment. Space distribution of the birefringence also discussed.
Experimental

Synthesis of glasses
Lanthanum-galium-sulfide-oxide (La-Ga-S-O) glasses were synthesized by weighting appropriate quantities of related chemicals and melting their well-mixed powder at 1200°C, similarly to the described in Ref. [10] . The compounds were doped by Dy 3? ions with concentrations 0.5, 1, 1.5, 2, 2.5, and 3 % in weighting units. Two photoinduced laser bicolor coherent beams with wavelengths 1064, and 532 nm were used for formation of the photoinduced phase gratings corresponding to periodical space distribution of the birefringence.
The photo-induced beams and the probing beams were temporarily synchronized. The maximal changes were found for glasses with 2.5 % (in weighting units) of Dy 3? ion concentrations. Thus all the results will be presented for this glass. The photo-treatment was done with simultaneous control of photo-thermal effects which were controlled by a thermocouple attached to the sample's surfaces. The control of relaxation was synchronized by optical triggers.
From the synthesized glasses we have produced glass nanoparticles applying milling and acoustical field, and the nanoparticle sizes were additionally separated by nanofilters. The samples are fabricated in the form of parallelepipeds. Finally they were incorporated into the PVA liquid photocomposition using an approach similar to the presented in Ref. [11] . Photo solidification of the samples was performed by cw 337 nm nitrogen laser with power density about 55 W/cm 2 and time duration up to 5 min. Similarly to the Ref. [12] .
Characterization
The prepared nanocomposites possess a form of parallelepipeds with sizes 3 9 3 9 6 mm. Both photo-induced coherent bicolor laser beams are used with frequency repetitions about 0.5 Hz, as well as laser measurements were done in the real time of treatment. The synchronization time was equal to about 8 ns for each pulse. The photo-induced 1064, and 530 nm laser beams power were tuned by using Glann polarizers to power densities up to 900 MW/cm 2 . The laser beam sequence profile was Lorentzian-like. The scattering due to presence of embedded nanoparticles give some parasitic contribution not exceeding 4 %. To obtain a sufficient accuracy the statistics was done at more than 40 points of the samples. The overlap between the photo-induced and the probing beams was equal to about 75 %.
Results and discussion
All the studied glass nanocomposites were transparent with the space homogeneity more than 0.6 %. An example of nanocomposite surfaces studied by TEM is depicted in Fig. 1 . The optimal concentration was equal to about 30 % of glass nanoparticles in weighting units. One can see a clear interface voids exist between the nanoparticles and the polymer matrices. These voids play a crucial role for the photo-induced changes of refractive indices. Their thickness was varied within the 2 and 4 nm. Following the presented figure one can see that the birefringence achieves its maximal value up to 0.078 for 2.5 % (in weight.units) doped Dy 3? nanoglass with the nanoparticle content about 35 %.
The main data of the photo-induced birefringence versus the photo-induced treatment at ambient temperature (RT) and liquid nitrogen temperature (LNT) are shown in the Fig. 3 . For the both temperatures one can see some saturation of the birefringence at power densities higher than 0.3 GW/cm 2 . However at LNT these changes are slightly higher with respect to the RT. This one confirms a principal role of the phonon subsystem in the observed birefringence dependences. At the same time the photo-thermal increase of temperature is not so high (below 0.6 K). Moreover it is established a high sensitivity to the concentration and to the size dispersion of the nanoglass particles. The maximally achieved changes of birefringence were achieved for sizes about 35 nm. So all the further results we have performed for the optimized conditions as described in the text.
The relaxation after the switching off the external light is shown in the Fig. 4 with time resolution about 5 ms. One can see that up to 40 ms, the photo-induced birefringence decreased slowly and after the 40 ms its magnitude significantly decreases achieving the completely reversible status before the illumination after 70 ms. This is comparable with other organic composites. It is necessary also to emphasize that origin of the relaxation decay is defined by principal processes: depopulation of the trapping levels, existence of trapping levels in the boarders between the nanoparticles and the polymers. The sizes of the nanoparticles define relative changes of the effective nano-surfaces.
Additionally some role begins to play nanoparticle aggregation which changes effective nano-interface surfaces. The latter defines the number of nano-trapping levels which are polarized under the external light. This phototreatment forms also an effective internal dc-electric field which creates a metastable photo-polarization of the medium. So depending on the laser power density and relaxation of the nano-trapping levels one can determine a balance between the photoinduced changes of effective refractive indices and their relaxation after switching off the photo-inducing beams. Some role here also may be played by processes of light scattering, and multi-photon excitations, respectively. Additionally the voids which occur between the nanoparticles and the polymers should be taken into account. The latter are responsible for formation of the excited electron-phonon states which are very curial to the applied dc-electric field. The observed effect is extremely sensitive to the sizes of the glass nanoparticles. In the Fig. 5 is shown the corresponding dependences at optimal conditions of illuminations. It is crucial that this dependence confirms a photoinduced birefringence maximum for sizes equal to about 35 nm. This one may confirm crucial role of nanoparticle borders contacting with polymer. Here some role also begins to play low temperature transformation existing for the PVA photopolymers matrix [11] . The origin of birefringence in the observed photo-induced changes may be due to nanointerfaces on the borders between the chromophores and the polymer matrices.
The size about 35 nm is an optimal balance at which both localized low-dimensional states as well as the delocalised bulk like states coexist. Interactions between them form effective ground state dipole moments stimulates occurrence of more photopolarized regions. In the interfaces these dipole moments may be at least one order higher with respect to the bulk-like [13, 14] .
Thus one can expect that the dipole moments are responsible for occurred huge magnitudes of corresponding photo-polarizabilities. The decrease of the sizes leads to an increase of light scattering [15] , and the higher sizes favour their aggregation which finally diminishes the photo-polarization. Additionally the higher sizes non-linearly change the multi-photon excitations [16] . They also destroy ground state photo-polarized states.
Very crucial here is a potential barrier between polymer matrix and the glass nano-particles. The existence of covalence pO-pS chemical bonds favours such barrier enhancement.
The studied La-Ga-S-O polymer nanocomposites have substantial advantageous with respect to other type of glasses [17] and organic materials due to absence of high polarizable ions due to the higher sensitivity to laser powers. Additional properties may be achieved due to appropriate rare earth doping and the change of size dispersions.
Conclusions
We have found that the La-Ga-S-O polymer nanoglass composites are promising materials for the laser stimulated changes of birefringence. Illumination by bicolor laser beams at 1064, and 532 nm leads to occurrence of substantial changes of refractive indices. The observed effect is extremely sensitive to the sizes of the glass nanoparticles. It is crucial that this dependence confirms a photoinduced birefringence maximum for sizes equal to about 35 nm. This one may indicate on a crucial role of borders between nanoparticles and polymer. For the ambient and liquid nitrogen temperatures one can see some saturation of the birefringence at power densities higher than 0.3 GW/ cm 2 . However at LNT these changes are slightly higher with respect to the RT. This one confirms an essential role of the phonon subsystem in the observed birefringence dependences. At the same time the increase of temperature is not so high and is less than 0.6 K. 
